Abstract Eucalyptus is abundant in Rwanda, mainly planted in short rotation woodlots, scattered in small clusters over the hilly landscape. A study was done in Butare and Busoro catchments, southern Rwanda from May to November 2007 to estimated water use of eucalypts in representative catchments in Rwanda, establishing a monthly water balance. We compared eucalypt water use to water use of other key crops in the study area and to that of eucalypts elsewhere. The woodlots had small coppice shoots ranging from 2 to 36 cm breast height diameter and potential tree transpiration recorded was 3 mm d -1 . The annual potential tree transpiration was 10 % below annual precipitation. Dry month water deficit observed could be covered by reductions in leaf area, stomatal closure and changes in soil water storage. A sensitivity analysis showed that 50 % leaf area reduction corresponded to potential tree transpiration decline of 32.8 mm. The deficit may not impact tree growth negatively since dry seasons are usually not active for tree growth. The moderate eucalypt water use rate observed in this study may be a function of trees' small size and low tree stocking since such woodlots had less potential transpiration. The observed eucalypt water use rate is smaller than the range reported for eucalypts in Africa and was also smaller than that of key annual crops in the study area. Managing woodlots as short rotations and increasing initial tree spacing may contribute to resolving issues related to catchment hydrology associated with eucalypt plantations.
Introduction
The genus Eucalyptus (Myrtaceae) comprises more than 700 species and an unknown number of hybrids and varieties (Boland et al. 2006) . Only a few of these have potential in industrial plantations (FAO 2000) . Eucalyptus species occur naturally in Australia and in the Philippines, Papua New Guinea, Indonesia and Timor. They grow in diverse ecological conditions with some hardy species growing in semi-arid areas, while others are able to grow on marshy and swampy sites. Owing to their wide ecological adaptation, Eucalyptus species are among the most widely cultivated forest trees in the world. In the late 1990s, Eucalyptus plantations were estimated to cover at least 12 million ha throughout the tropical zone, 90 % of which had been established since 1955 (Turnbull 1999) . There are now [20 million hectares of Eucalyptus plantations around the world and interestingly, more than 50 % of these plantations occur only in three countries: Brazil (4.2 M ha), India (3.9 M ha) and China (2.6 M ha) (Iglesias-Trabado and Wilstermann 2008) .
In Africa, there is little quantitative information on the planting of Eucalyptus. Several Eucalyptus species were introduced to the continent in the second half of the nineteenth century. South Africa has the largest area under Eucalyptus plantations of about half a million hectares (Turnbull 1999) . Their first planting included introductions to botanical gardens and private arboreta and once in cultivation, their potential was recognized and they were taken to many parts of the world and planted for ornamental value, windbreaks, land reclamation, and oil production (Turnbull 1999) . In South Africa, commercial plantations were intensified from 1930 onwards, to meet the demand for wood destined for underground mining.
Eucalyptus species were introduced to the eastern Africa region at about the same time as in South Africa (Dessie and Erkossa 2011) . More specifically, plantation forests were established in the early 1900s in Rwanda (Nduwamungu 2011) and most recently in Uganda, since the earliest report was in Kigezi District in 1940 (Kaboggoza 2011) . Large scale establishment of industrial plantations in the region began during the period 1911-1960, motivated by the realisation that the slow growing and uneasily propagated indigenous forests would not meet future wood and non-wood forest products (Chamshama 2011) . The introduction of the Eucalyptus to East Africa was aimed to meet this demand (Nduwamungu et al. 2008) .
As the first step to prepare for plantation forestry expansion in Rwanda a 200 ha Arboretum was established in Ruhande, Butare (southern province) in which exotic tree species were tested, among which 63 eucalypt species were introduced (Burren 1996) . Plantations in the region expanded over time, and by the early 1970s the area of Eucalyptus in Ethiopia, Rwanda, Uganda, Kenya and Sudan had reached 95,684 ha (FAO 1979) . The largest plantations at that time were in Ethiopia and Rwanda, at 42,300 and 23,000 ha, respectively (Dessie and Erkossa 2011) .
Plantation trees and Eucalyptus spp. in particular have provoked controversy regarding their effects on the environment. Some authors support Eucalyptus planting for their economic, social and environmental benefits ). On the other hand, Eucalyptus are said to mine large amounts of nutrients, rendering the soils poor and unfit for other use (Lemenih 2004) . Plantation trees are reported to take up much water, drying up sites or interfering with water supply for other land uses (Jobbágy et al. 2012) . Eucalyptus trees are reported to use water in excess of supply from rainfall (Dye and Versfeld 2007) , thereby lowering water tables due to water extraction (Dye 2013) . They also reduce water availability for irrigation due to soil hydrophobicity (water repellence) of their litter and their deep and dense root network (Lane et al. 2004 ). Replacement of natural vegetation by the exotic eucalypts reduces biodiversity (Brockerhoff et al. 2013) and is said to prevent understorey vegetation growth by exhausting soil water and nutrient resources, which also may affect biodiversity negatively (Bouvet 1998) . These factors, especially the impacts on water relations, raise considerable concern regarding the long-term sustainability of eucalypt plantations.
In Rwanda, as in many high population density areas in the highlands of eastern Africa, most forest plantations are privately-owned small woodlots. Principal owners include individual farmers and businessmen, and institutions like churches, schools, cooperatives and tea plantation companies (Nduwamungu 2011) . This ownership pattern renders much of the landscape of Rwanda to be covered predominantly by trees in small groups, rows or single trees scattered on farms. Forest plantations are dominated by Eucalyptus species which comprise 78 % of all plantations, mostly managed as short rotation coppice (Nduwamungu 2011) . Woodlots cover about 51 % of plantation forests and are also dominated by Eucalyptus spp. followed by Grevillea robusta and Pinus spp. (Nduwamungu et al. 2008) . According to Nduwamungu (2011) , preliminary results of surveys carried out by FAO in 2010 to determine the extent of tree resources outside forests (including woodlots below 0.5 ha) show that these resources cover about 6.6 % of total country land area.
Recent policy briefs in Rwanda recommend that the species should be uprooted from wetlands and wherever they grow near water bodies, and their use prohibited in further reforestation (Gahigana 2006) . Unfortunately, information on water use by Eucalyptus in Africa is very scanty and particularly lacking in eastern Africa (Bayabil et al. 2010) . In Africa, water use by Eucalyptus has only been studied extensively in South Africa, in the Congo, and to a lesser extent in Ethiopia, regions with a clearly different agro-ecological environment from the East African highlands.
To quantify water use by Eucalyptus trees in the East African highlands we estimated the transpiration of the species in the locally dominant management practice, i.e., small woodlots scattered over the landscape by using a leaf area index (LAI)-diameter at breast height (DBH) relationship. On the basis of the derived relationship, we quantified the water use by short rotation Eucalyptus woodlots in representative catchments in southern Rwanda. A monthly water balance of such woodlots was estimated and the overall water use by Eucalyptus trees was compared with other key crops in the study area and to that of Eucalyptus growing in other regions of the world.
Materials and methods

Study site
The water use by Eucalyptus woodlots was estimated in two catchments in southern Rwanda by employing a LAI-DBH relationship. The woodlots in Busoro catchment were planted by farmers for fuelwood production in the first place but also for soil protection against erosion. Those in Butare catchment were planted by the local government primarily for protection purposes. The catchments were chosen because of the availability of clear Google Earth images, the general representativeness of land use, and the clear demarcation of the boundaries of both catchments. One of the catchments borders the town of Butare, and is referred to as the ''Butare catchment''. It is located at 2.61°S, 29.72°E and covers an area of 472 ha. The other catchment is situated to the south near the village of Busoro, and is referred to as the ''Busoro catchment'' (Fig. 1) . This catchment covers an area of 618 ha and is located at 2.67°S, 29.70°E.
The landscape of the study area is hilly with the villages mostly located on top of the ridges. The predominant land use in both catchments is smallscale agriculture, with short rotation Eucalyptus stands for firewood and timber production as well as prevention of soil erosion. The woodlots were primarily planted by farmers. Based on the agro-ecological classification of Delepièrre (1982) and the elevational classification of Ndayambaje et al. (2012) , the catchments are located in the central plateau and hills zone of Rwanda. The climate is sub-humid with moderately high rainfall of 1200 mm year -1 and mean annual temperature of 21°C. The elevation is around 1700 m above sea level. The soils are derived from granitic rocks and are classified as oxisols or ultisols (Delepierre 1982) .
This study was carried out in 1 year, 2007, and the LAI-DBH relationship was established during the period May-August which is a transition between a wet and dry season, and the woodlot sampling for LAI determination was done in October-November of the same year. This sampling period is during a short rainy season. The difference in the months of field work may not be important since DBH is not expected to change over such a short period. This period starts at the end of the cropping season and at its beginning, most annual crops were being harvested. Most major crops in the upland fields were perennial, including banana, cassava and some sweet potato. In the relatively flat valleys rice was grown. Most households had an avocado tree and a small Eucalyptus plot for domestic wood supply. E. saligna was the predominant species, with a few small stands of E. tereticornis, E. maculata, E. maidenii, E. microcorys, and E. citriodora. Some woodlots were comprised of mixed species of Eucalyptus. Besides Eucalyptus, there were a few small stands of other species. Pinus patula and Grevillea robusta were frequently found scattered on farms, Euphorbia tirucallii was used to mark farm boundaries and Jacaranda mimosifolia and Ficus thonningii were grown in home gardens. Eucalyptus woodlots were mostly coppice stands and were located on the steepest parts of the landscape on infertile soils.
Estimation of the water use by Eucalyptus trees
We estimated the water use of Eucalyptus woodlots in the catchments by quantifying the most important components of the water balance. The water balance can be determined by calculating the amounts of water entering, stored and leaving a system. The inputs and outputs of the water balance of the woodlots taken into account are based on Whitehead and Beadle (2004) :
where P is precipitation, ET is total evapotranspiration, DS is the change in total soil water storage, D is drainage and R is surface run-off, all in mm d -1 .
Subsequently, ET was divided into tree transpiration (E t ), evaporation of leaf interception (E i ), and evaporation from understorey and the soil surface (E u , Whitehead and Beadle 2004) . Precipitation (mm d -1 ) was derived from daily climate data from the weather stations of Butare and Nyakibanda. These were used to quantify a monthly water balance, thereby capturing the variations in the water balance throughout the year. Generally, E u is estimated at 10 % or less of E t (Whitehead and Beadle 2004) , which is the value we used. E u is known to be directly related to the LAI (Callister and Adams 2006) . E t and E i are considered the major components of evapotranspiration (Whitehead and Beadle 2004) . E i can be estimated as a percentage of annual rainfall, and is normally affected by the leaf area and the shape of the leaves of the vegetation, as well as by the rainfall distribution. Interception losses in Eucalyptus Fig. 1 The map of Rwanda showing Busoro catchment using ArcGIS. The catchment is located in Huye (former Butare) district and is bordered by Shori cell of Gishamvu sector on the west and Bukomeye cell of Mukura sector on the east woodlots are generally less than those from woodlots of other tree species, which can be explained by the relatively small LAI of Eucalyptus trees compared to other tree species (Calder 1986) . LAI for E. saligna, one of the most dominant eucalypt species in the study area, was found in a different study in the same area to range from 2.5 to 3.5 m 2 /m -2 (Nsabimana et al. 2009 ). Eucalyptus interception losses were reported to range from 4 % in South Africa to 34 % of the annual rainfall in Australia, India and Israel (Hall et al. 1992; Calder 1986 ). Most studies report E i to range from 10 to 11 % of annual rainfall (Whitehead and Beadle 2004) . In South Africa interception losses were higher for large trees than for small ones. As the woodlots in our study areas are mostly coppice stands of several generations, dominated by very small coppice shoots of small DBH ranging from 2 to 36 cm, a value on the lower side of the range for interception losses seemed most appropriate. We therefore assumed interception losses to be 10 % of annual rainfall.
E t was estimated for individual trees using the model of Radersma et al. (2006) . The model describes individual tree transpiration on the basis of an estimation of the leaf area. The model assumes wellwatered conditions, and therefore describes the potential tree transpiration (E tp , Radersma et al. 2006; Whitehead and Beadle 2004) . Radersma et al. (2006) used sap-flow measurements to quantify the relationship between leaf area and E tp for Eucalyptus trees in sub-humid Kenya, an area with similar agro-ecological conditions to our study site in Rwanda. The variance in measured transpiration accounted for by leaf area, was compared with the variance accounted for by leaf area together with saturation deficit, radiation, and the direct effect of soil water content. Leaf area was the most important determining factor for transpiration across a large range of leaf. The equation that was established for E tp in relation to leaf area is:
, and LA is leaf area (m 2 ). The explained variance for this equation was 0.62. This equation does not take into account that during the dry season Eucalyptus trees normally shed their leaves and thus the relationship between DBH and leaf area changes across seasons (Roberts et al. 1992) . During prolonged dry periods, shedding of leaves is common in Eucalyptus (Ladiges 1974 ) and this can result in large seasonal changes in LAI, depending on the timing and magnitude of leaf production and shedding (Whitehead and Beadle 2004) . As a result, transpiration of Eucalyptus during the dry season could be overestimated. Although this equation was established specifically for E. grandis, water-use per unit LA is known not to vary greatly among Eucalyptus species (Radersma et al. 2006; Whitehead and Beadle 2004) . Therefore the same equation was applied to all Eucalyptus species. E. saligna dominated in the study area and is morphologically similar to E. grandis (Burren 1996) .
The leaf area of individual trees was derived from the leaf biomass, based on the relationship between leaf biomass and DBH. Specific leaf area (SLA) or the ratio of leaf area to leaf mass (m -2 kg -1 ) or its inverse, leaf mass per area (LMA) are important ecophysiological parameters widely used to derive canopy leaf area from leaf biomass (Diao et al. 2010) . The relationship between leaf dry matter and DBH was established for E. saligna by Mugunga et al. (in prep.) as:
where W L is leaf biomass (kg), a is intercept (0.881461 kg cm -2 ), b 1 is model coefficient (0.026311 kg cm -1 ) and DBH in cm. The explained variance of observed W L using this equation was 0.88. After calculating the W L for each tree, LA was obtained by multiplying the leaf biomass by the SLA (m 2 kg -1 ). To obtain the values of the SLA, a sample of 80 leaves was taken for the test species. Each leaf was measured for projected leaf area and fresh weight, and the corresponding dry weight was calculated by multiplying with a dry weight:green weight conversion factor of 0.3 derived from the study by Mugunga et al. (in prep.) . The steps taken to estimate the E tp of individual trees are shown in Fig. 2 .
After determining the E tp for the individual trees, the results were aggregated to establish the E tp of Eucalyptus woodlots across the two catchments. Google Earth images of the catchments showed a very patchy landscape, with small fields of grain crops interspersed with banana fields and Eucalyptus woodlots. Some of the Eucalyptus woodlots were dense, although bare soil around the trees was visible in most of them. Busoro catchment was divided into two parts: the northern and the southern sub-catchments. Sampling was done by taking one or more 0.02 ha (8 m radius) plots per woodlot depending on woodlot size (Fig. 3) , while some small woodlots with widths smaller than 16 m were sampled entirely. In each plot, all tree species were identified and measured for DBH.
A total of 59 samples were taken in the Busoro catchment, representing 15 woodlot areas in the southern sub-catchment and 36 woodlot areas in the northern sub-catchment. Seven samples representing 7 woodlot areas were taken from the Butare catchment (Fig. 4) , giving a total of 66 plots representing 58 woodlot areas.
The E tp of each individual tree was calculated using the equation of Radersma et al. (2006) . Subsequently the sum of the E tp of all individual trees was divided by the plot area to determine the E tp per m 2 for each plot. Areas of the woodlots were determined using the The grey areas represent a number of woodlots in a catchment. In this example, 4 plots were measured. The first plot was taken in woodlot A. The calculated total tree potential transpiration (E tp ) for this plot was extrapolated to the entire area of A. In woodlot B two plots were taken, as this was a larger woodlot with more variation. The average E tp of the two plots was used to compute the total E tp of B. Woodlot C and D are very similar. Only one plot was taken and E tp extrapolated to represent both areas Butare catchment. In this catchment 7 plots were measured. Google Earth images. The total E tp of Eucalyptus woodlots at catchment level was calculated by aggregating the E tp of all the individual woodlots and converting them to mm d -1 (Fig. 5 ). Catchment water balance was developed for the Busoro catchment by considering P as the sole input and the E tp, E i and E u the outputs.
For data analysis, linear regression was used to explore the correlation between tree DBH and total tree water use. Mean DBH of each plot was plotted against the total water use of each plot to determine if the total water use per unit area was affected by the size of the trees.
It is well known that LAI during the mid-to late-dry seasons is usually 40-50 % smaller than the LAI during the wet-and early-dry seasons in Eucalyptus forests (Nouvellon et al. 2010) . Reductions in the LAI were reported to be up to 50 % even in moist tropical forests in Congo-Guinean forest (de Wasseige et al. 2003) , in Mexico (Mass et al. 1995) and in Thailand (Tanaka et al. 2003) , while leaf shedding during a severe drought in Australia ranged from 50 to 97 % (Pook 1855). For this reason, we wanted to adjust the E tp following LAI reductions in the driest months. Unfortunately, the exact LAI variation in our study area is unknown and we did not find reports on LAI variations for the East-African region. To capture seasonal variations in LAI and the resulting changes in E tp , a sensitivity analysis was done by assuming reductions in the amounts of LAI in the driest months of June, July, August and September. To calculate the reductions in E tp , Eq. 2 above was applied with an assumption that dry season reductions in LA corresponded to reductions in LAI since the trees covered the same area. We used LA reductions of 15, 30 and 50 % and calculated the related reductions in E tp herein-after referred to as adjusted E tp (Adj.E tp ). The new (adjusted) E tp values were computed as:
where c is a constant described in Eq. 2, r is % reduction in LA expressed as a fraction (50 % reduction is entered in the equation as 0.5) and E tp .orig is the original E tp (mm month -1 ). The available water was estimated by assuming that the water accumulated in the root zone during the wetter months was available for evaporation in the drier months. The soil water storage (DS) and physiological regulation on water loss by closing stomata were assumed to further reduce the water deficit during dry months, thereby contributing to the closing of the catchment water balance. Annual difference between potential ET and P were attributed to runoff and drainage.
Results
Results on the occurrence of tree species, number of stems ha
, tree DBH and leaf area are summarized in Tables 1 and 2 and Appendix in Table 10 for southern Busoro sub-catchment, Butare catchment and the northern Busoro sub-catchment respectively. Woodlots in the study area were dominated by Eucalyptus species and about 43 and 35 % of all the standing stems per hectare (N) identified were E. tereticornis and E. saligna respectively. The number of stems ha -1 ranged from 50 to 11,500, DBH from 2 to 36 cm and leaf area from 8 to 211 m 2 . The SLA's for E. saligna and E. tereticornis were 12.2 and 16 (m 2 kg -1 ) respectively. The total forested area, E tp and relative cover by eucalypt woodlots for Butare catchment, and northern and southern Busoro sub-catchments are presented in Tables 3, 4 In northern Busoro, the sampled woodlots were relatively small with areas ranging from 130 to 8000 m 2 , and four larger woodlots with areas of 14,300-41,700 m 2 (Table 3 ). There was a wide range in E tp , with 4.58 mm d -1 for Plot 38 and only 0.41 mm d -1 for Plot 17. This can be explained by the size and number of trees in the respective plots. Plot 17 was a thinly spread coppice stand with a mean DBH of 4-6 cm while Plot 38 represented an area with full grown trees with a mean DBH of 10-36 cm. In the southern Busoro sub-catchment the samples represented areas ranging from 3000 to 62,000 m 2 , and one (Table 4 ). The highest E tp was found in Plot 57, with a value of 6.44 mm d -1 . This plot was located in a very dense E. saligna and E. microcorys stand, with an average DBH of 8 cm. E. microcorys stands were in general more leafy, denser and darker than woodlots with other species. This value may be over-estimated since the water use: leaf area relation of Radersma et al. (2006) is based on the assumption that there is little or no light competition between trees. Linear regression of tree DBH and total tree water use showed no correlation between these two variables, indicating that an increase in mean DBH was compensated for by a decrease in the number of trees per plot (data not shown). For Butare catchment (Table 5) the areas covered by a plot range from 50,000 to 172,000 m 2 . There was less variation than in the Butare catchment because the plots here represented large areas. Actually the woodlots in this catchment belong to the local government and not to the smallholder farmers. Interestingly the total E tp of the Butare catchment was similar to that of the Busoro catchment, that likely management differences between the different types of owners in the two study areas did not have a major impact on the total water use. The E tp here ranges from 1.34 to 3.44 mm d -1 . The percentage of the area covered by trees in the three sub-catchments ranged from 10.9 to 17.4 % of the total catchment. Table 6 gives a summary of the weighted average estimates of E tp for Eucalyptus woodlots in the whole study area.
Precipitation of the study site recorded at Butare and Nyakibanda meteorological (southern Rwanda) stations from 1971 to 1992 gave a monthly averages ranging from 8 mm in July to 219 mm in April (Fig. 6 ). There was no rainfall data recorded beyond 1992 to date following the 1994 genocide. Rainfall is bi-modal with a long dry period in June-September and a short one in February, with December and January also being relatively dry. The rainfall observed here is similar to that recorded previously for the central plateau agro-ecological zone (Delepierre 1982) . Applying the unadjusted models of Whitehead and Beadle (2004) and Lane et al. (2004) , the annual difference between P and E tp was estimated to be -84.0 mm year
. This was obtained as follows: Rainfall = 1245 mm; average tree water consumption (E tp ) = 3 mm d -1 9 365 days year -1 = 1095 mm; E i (10 % of P) = 124.5 mm; E u (10 % of E tp ) = 109.5 mm. Subtracting the amount of water that potentially left the system from water that entered the system gave: P -E tp -E i -E u = 1245 -1095 -124.5 -109.5 = -84.0 (mm/y) (-7.0 mm/month or
). Since water outflow cannot exceed water inflow, this indicates that annual actual E t did not equal annual E tp , likely due to drought stress in the drier months. Rainfall in the region may seem not to be enough to support a year-round actual tree transpiration of 3 mm d -1
. Estimated E tp was much larger than P in the months of June, July, August and September and to a lesser extent in January (Table 7) . To obtain a more accurate estimation of the actual E t , both E tp and E u were adjusted according to the assumed 15, 30 and (Table 8) . Transpiration deficits during the drier months were assumed to be buffered by both the soil storage accumulated in wet months and stomatal closure as trees' physiological response to water deficits. Even in drier years, the differences in soil water storage are not likely to affect the water balance on an annual basis (Everson 2001).
Discussion
Eucalyptus woodlots in the study area mainly comprised of coppice stands of varying rotations of small young shoots with small DBH. Coppice shoot sizes are known to decline with the number of harvesting cycles in short rotation Eucalyptus plantations. Stand above ground biomass was observed to decrease as the number of cutting cycles increased (Zewdie 2008) . Specific leaf area (SLA) obtained for E. saligna in this study (16 m 2 kg -1 ) is only slightly higher than that obtained for E. grandis in Nyabeda, western Kenya (Radersma et al. 2006 ). This is not surprising since the two species are known to be morphologically similar (Burren 1996) .
The estimated water use of Eucalyptus during the rainy season was generally less than that of key crops in the study area (Table 9 ). The average potential evapotranspiration (ET c ) of Eucalyptus was reported to be 3.6 mm d -1 (1329 mm y -1 ) (Gislain 2008) . In comparison, the reference ET, ET 0 1 is between 4 and 5 mm d -1 (i.e. 1460 and 1825 mm y -1 ). Crops such as banana, cassava, beans and maize generally have a potential evapotranspiration (ET c ) slightly greater than 5 mm d -1 in the mid-season (Gislain 2008) . There are few studies of Eucalyptus water use in Africa (Hailu et al. 2003) . The water use observed in this study (3 mm d -1 ) is on the lower side of the range observed for Eucalyptus and for forests of other tree species. Water use ranged from 0.4 to 9.9 mm d -1 in Africa (Fritzsche et al. 2006; Radersma et al. 2006) and from 0.4 to 49.0 mm d -1 around the world . The small rate observed in the study area is attributed to the small tree size and LAI of the frequently coppiced Eucalyptus. Tree water use is strongly related to heartwood area which in turn is directly dependent on tree DBH (Vertessy et al. 1995) . E. saligna was observed to have a smaller LAI than other Eucalyptus and other tree species in Rwanda (Nsabimana et al. 2009 ). Eucalyptus woodlots generally have smaller LAI than other tree species (Nsabimana et al. 2009; Calder 1986 ) which may explain P precipitation, E tp potential tree transpiration, E i interception losses, E u evaporation from the undergrowth and soil surface * P = ET ? DS ? D ? R, where P is precipitation, ET is total evapotranspiration, DS is the change in total soil water storage, D is drainage and R is surface run-off, all in mm d -1 Table 8 The adjusted potential tree transpiration through LA reductions of 15, 30 and 50 % in dry seasons in a monthly water balance in Butare, southern Rwanda P precipitation, Adj E tp adjusted potential tree transpiration, E i interception losses, Adj.E u adjusted evaporation from under storey and soil surface, and R and D which add up to give water surplus * P = ET ? DS ? D ? R, where P is precipitation, ET is total evapotranspiration, DS is the change in total soil water storage, D is drainage and R is surface run-off, all in mm d
their lower water use rates. The observed rates in this study are within the range of values given by Rutter (1968) who report a relatively good agreement in studies that compared extrapolated results of stand transpiration with those obtained by the Bowen ratio (Dunin and Greenwood 1986) and eddy correlation methods (Berbigier et al. 1996) . In addition to the observed low water use rates, Eucalyptus species are efficient users of water. Eucalyptus water use range from 0.3 to 0.8 g of water g
-1 of dry matter produced; water use efficiency by other trees is up to about 0.9 g while that of some crops is 1.1-3.6 fold higher (Davidson 1993) . Biophysical water use efficiency however may need to be supported by an economic water use efficiency, which considers the financial returns of an investment rather than relying on biomass produced, since not all biomass may be converted to monetary terms. Water use efficiency is broadly defined by Hood (2002) as maximising returns and minimising environmental impacts of every megalitre (ML) of water used by plants. This is seen as an important concept for informing different aspects of land and water resource management including reducing overall water use and producing high and/or better quality yields (Wise et al. 2011 ). Hood (2002 developed an economic water use efficiency applied on irrigated crops by measuring the net economic return per ML of water, estimated by subtracting the costs of all non-water inputs from the total per hectare returns to production and dividing by the average annual quantity of water evapotranspired per hectare. This concept was successfully applied by Wise et al. (2011) in comparing water use by indigenous and introduced forests.
Transpiration is strongly dependent on LAI (Benyon and Nambiar 2006) which declines during the dry seasons (Shi et al. 2012; Morris et al. 2004) as it depends on available water (White et al. 2010 ) and temperature (Gholz 1982) . LAI of fast growing eucalypt forests is also known to be dynamic both seasonally and between years (Le , especially in evergreen forests prone to seasonal droughts (Turner et al. 2008) . Large structural changes of the canopy that occur over the rotation affect LAI, crown cover, leaf angle and SLA . There is a strong linear relationship between tree LAI and mean daily water use for a wide range of Eucalyptus species grown under similar climatic conditions (Hatton et al. 1995) . It was observed that, for each additional 100 mm y -1 in rainfall, LAI increased 0.3 units and productivity increased 2.3 Mg ha
, resulting in an additional increment of 7.6 Mg ha -1 year -1 per added unit of LAI (Ryan et al. 2010 ). E. saligna (Ares and Fownes 2000) and E. grandis (Kallarackal and Somen 1997) are known to exhibit stomatal closure in response to stronger atmospheric vapour pressure deficits to reduce the E tp .
LAI during the mid-to late-dry seasons is reported to decline following water shortages in the soil, and is usually reported to be 40-50 % smaller than its value during the wet-and early-dry seasons in Eucalyptus (Nouvellon et al. 2010) . Reductions in the LAI were reported to be up to 50 % even in moist tropical forests in Congo-Guinean forest (de Wasseige et al. 2003 ), in Mexico (Mass et al. 1995 and in Thailand (Tanaka et al. 2003) . In this study, an assumed dry season reduction in LAI (E tp ) of 15 % was observed to lead to a deficit in catchment water balance but a further increase in the reduction (30 %) lead to a neutral catchment water balance where P-ET gave a sum of R ? D of about 2 mm. A higher rate LAI (E tp ) reduction which may be expected to reach a maximum of 50 % would lead to a more positive surplus. To a lesser extent, stomatal closure during the dry season as the soil water declines may reduce tree transpiration further, thereby reducing water loss by trees (Wullschleger et al. 1998 ) and thus, leading to a closed catchment water balance. The effect of this on tree growth was assumed to be minimal or none since dry seasons are usually dormant periods for tree growth.
According to climate data from 1982 to 1993 collected from Butare and Nyakibanda meteorological stations in the study area, the area experiences annual dry seasons of up to 4 months during which mean monthly temperatures range 17.1-20.6°C. This agrees with the general temperature for the central plateau agro-ecological zone reported by Delepierre (1982) that the mean annual temperature is 19.5°C, with mean annual maxima and minima of 25.7 and 13.3°C respectively. The temperatures are most likely to have increased following global climate change in the region, as affected by land cover change. In Africa, the role of cover changes, both natural and human induced, in modifying regional climates is perhaps most marked (Xue 1997) . A study on African climate concludes that additional stresses on water resources are expected regardless of the rainfall alterations which are not clearly defined currently (Hulme et al. 2001) .
Considering plantation water use at catchment level, there is a general agreement in most of the findings that tree species produce less surface run off, ground water recharge and stream flow than shallow rooted vegetation such as crops, pastures and grasslands (Benyon et al. 2007 ). Crops have a transpiring leaf area for only part of the year (Robinson et al. 2006 ) and consequently, recharge under agro-ecosystems may be one to two orders of magnitude greater than under natural vegetation (Tennant and Hall 2001) . This may be a result of the trees' capacity to improve soil physical properties due to the addition of large quantities of litterfall and root biomass (Schroth et al. 1995) , root activity of trees, root induced soil biological activity and tree roots leaving macropores following their decomposition (Van Noordwijk 1991). Litterfall of 6-9 Mg ha -1 year -1 was reported in Eucalyptus plantations at canopy closure in a large range of tropical environments (Du Toit 2008) . Likewise, large quantities of fine roots were reported in Eucalyptus plantations in the Congo with wide and deep soil volume exploration, which were thought to prevent water and nutrient losses by deep drainage and to contribute to the maximisation of resource uses (Laclau et al. 2003) .
If well situated within a catchment, trees may improve instead of negatively affect catchment hydrology. Trees located close to rivers may affect stream flows more severely owing to their large size and more abundant leaves with greater leaf area (Dvorak 2012) . Dvorak (2012) further observed that the severity of problems associated with water extraction are greater where plantations are large in size and cover most of the catchment area or in places with seasonally low rainfall. In this way, well planned agroforestry practice may provide an option of locating trees on sites where they can provide net hydrological benefits, such as controlling run off rates where this is a problem (Keenan et al. 2004 ). In our study, most woodlots were growing on the hillside, reasonably far from the River Nyiranda. Negligible impacts are expected in catchments in which plantations are established on sites which are hydrogeologically isolated from streams (O'Loughlin and Nambiar 2001).
The potential impact of land use change on catchment hydrology may depend on the type of native vegetation replaced by exotics and on the extent of the land area covered by the new species (Albaugh et al. 2013) . Unfortunately, there are no records of the vegetation types that were replaced by Eucalyptus woodlots in the study area and the respective water use. Generally, indigenous vegetation was reported to have less annual evapotranspiration than exotics since they usually show shallow roots and are seasonally dormant (Albaugh et al. 2013) .
The rate of water use by Eucalyptus trees depends on the amount of rainfall and soil water available (Dye et al. 2001 ) and more water is transpired when water is plenty and vice versa (White et al. 2010) . Similarly, wetter catchments were observed to have greater water flow reductions in South Africa (Scott et al. 2000) .
With this fact, more water flow reductions may be expected in the northern and western Provinces of Rwanda where Eucalyptus populations are larger (Nduwamungu et al. 2008 ) and the two regions have higher elevation and higher average annual rainfall compared to the eastern and the southern Provinces (GoR 2011). However, Gush et al. (2002) cautioned that the results from one catchment cannot be extrapolated to other areas with confidence because of differences in local climates.
Conclusion
Short rotation eucalypt stands in the study area had small shoot sizes with DBH ranging from 2 to 36 cm due to frequent coppicing. Potential tree transpiration (E tp ) for eucalypt woodlots ranged from 0.41 to 6.44 mm d -1 (mean 2.93 mm d ). It should be noted that this is a conservative estimate, based on the assumption that runoff and drainage only occurred when available water exceeded annual E tp . Long term precipitation of the study site was 1245 mm year -1 on average, which is 150 mm year -1 greater than the observed potential tree transpiration. The observed surplus annual catchment water balance suggests that short rotation eucalypt woodlots may not negatively affect the hydrology. Small deficits observed during the driest months of June, July, August and September may be eliminated by physiological responses of trees through reducing LAI and to a lesser extent, stomatal closure. A sensitivity analysis on the variation of the LA during the dry seasons resulted into E tp decreases. A possible maximum 50 % LA reduction for example lead to a corresponding decrease of 32.8 mm in E tp . Extra shortages if any may be evened out by soil storage, which can be recharged in the wetter months. The observed deficit in soil water during dry seasons is not expected to impact tree growth negatively since trees usually do not grow during the dry seasons. The moderate eucalypt water use rate observed in this study may be a function of the small size of trees and low stand density since less dense woodlots with smaller trees had much less potential transpiration.
Managing the woodlots at short rotations (to produce small stems), plus increasing initial tree spacing, may contribute to the reduced catchment hydrology problems associated with eucalypt plantations. The observed water use rate of eucalypt woodlots was less than that of many annual crops in the study area and eucalypt trees in Africa and elsewhere in the world. In addition to biophysical water use efficiency, economic water use efficiency may be a useful option for water use comparisons among different production options. 
